We previously reported that polypropylene mesh covered with collagen sponge is a useful material for the regeneration of the trachea and the cricoid cartilage. The aim of this study was to regenerate larynges after partial hemilaryngec tomy with this new biomaterial.
INTRODUCTION
The larynx is the organ responsible for such essential behaviors as breathing, eating, and speaking. Damage to the larynx due to carcinoma or trauma seriously impedes these actions. Laryngeal defects are commonly regenerated with a patient's own skin or muscle, but full restoration is difficult because of its complicated structure. Regeneration of the larynx by traditional methods has not yet been perfected to normal levels, so laryngeal function becomes seriously impaired.
According to the concept of tissue engineering, three components -cells, scaffolds, and regulatory factors -are important to the regeneration of tissues. 1 Our previous studies suggested that polypropylene mesh covered with collagen sponge is a very useful scaffold material for the regeneration of the trachea and the cricoid cartilage. 2 This arti-ficial material has already been used in the trachea as a scaffold in clinical applications. 3 However, regeneration of the larynx has been very difficult to achieve, because the larynx is highly susceptible to infection. Furthermore, the scaffold tends to become dislodged by vocal fold movement. This tendency makes it difficult to retain the scaffold in place and to maintain the space needed for regeneration. Our earlier attempts to regenerate laryngeal defects after hemilaryngectomy by using the same artificial material along with bone marrow-derived stromal cells failed, because local infection caused the mesh to be exposed. 4 To prevent bacterial infection within the scaffold, we devised a new technique in which we wrapped the scaffold with autologous fascia lata. Additionally, collagen sponges prepared with different concentrations of collagen solution vary in their rate of degradation and in their mechanical intensity (strength in compression). A high collagen con- centration causes the sponges to be mechanically harder and more slowly absorbed. In this study, we prepared two different concentrations of collagen sponges. One was the 1% collagen sponge used in our previous study, and the other was a 3% collagen sponge. The aim of this study was to regenerate larynges after partial hemilaryngectomy by use of this new biomaterial and applied tissue engineering techniques, and to evaluate the regenerative efficacy of this artificial material in regard to the morphological findings in the vocal fold and the laryngeal function.
MATERIALS AND METHODS

Preparation of Scaffold.
A 1% or 3% porcine dermal atelocollagen solution (Nippon Meatpackers Inc, Ibaraki, Japan) dissolved in hydrochloric acid (pH 3.0) was used for the preparation of the collagen sponge. The solution consisted of approximately 70% type I collagen, with the remainder being type III. First, a sheet of polypropylene mesh with a pore size of 260 μm (Marlex mesh, CR Bard Inc, Billerica, Massachusetts) was exposed to a corona discharge at 9 kV for 30 seconds and then coated 5 times with a 1% collagen solution. A 1% or 3% collagen solution was stirred at 8,000 rpm, and half of this solution was poured into a mold. Next, the coated mesh was placed into the middle of the mold, and the other half of the collagen solution was poured onto the mesh. After this scaffold was freeze-dried (FDU-810 dryer, Tokyo Rikakikai, Tokyo, Japan), both sides of the mesh were covered with 1% or 3% collagen sponge (Fig 1) . Finally, the coated mesh was heated at 140℃ in a vacuum dry oven (VOS-300D, Tokyo Rikakikai) in order to form cross-linkages between the collagen molecules. This composite scaffold was sterilized with ethylene oxide gas before operation.
Animals and Surgical Procedures. Twelve adult beagles weighing 9 to 13 kg were divided into 2 groups. In group 1, mesh with a 1% collagen sponge was used as a scaffold. Group 2 was implanted with mesh with a 3% collagen sponge. The animals were anesthetized with subcutaneous injections of ketamine hydrochloride (Sankyo, Tokyo) and xylazine hydrochloride (Bayer, Tokyo). After the animal's neck was shaved, the strap muscles were extracted laterally and the larynx was exposed via a midline cervical incision. The left ala of the thyroid cartilage was exposed, and a defect was created through this cartilage into the vocal fold (Fig 2A) . The size of the cartilage defect was about 1.8 × 1.0 cm. Regarding the extent of resection in the inner cavity of the larynx, laryngeal tissues from the anterior commissure to the vocal process, including the mucosa in the laryngeal ventricle, were removed ( Fig 2B) . The prepared scaffold was preclotted with arterial blood and trimmed to fit the defect size ( Fig 3) . In group 1, the entire scaffold was wrapped in fascia lata ( Fig  3C) harvested from the left thigh, and the scaffold was affixed to the defect of the larynx with 3-0 absorbable sutures (Vicryl, Ethicon, Somerville, New Jersey; Fig 4A) . In group 2, the scaffold was unilat- erally wrapped with fascia on the luminal side ( Fig  4B) , and then it was affixed to the defect with 3-0 absorbable sutures (PDS-II, Ethicon; Fig 4C) . After the operation, an antibiotic was administered for 1 week. The animal care, housing, and experimental procedures followed the Guidelines for Animal Experiments of Kyoto University.
Assessment. To evaluate the process of wound healing at the operated site, we performed endoscopic examinations at 1 day, 1 week, 2 weeks, and 1 month and then every 1 month after the operation with a video-endoscopy system consisting of a vid-eo bronchoscope (BF type 1T240, Olympus, Tokyo) and a video processor (CV-240, Olympus) with a light source (CLV-U40D, Olympus). From group 1, 2 beagles were painlessly sacrificed 3 months after the operation and 4 were euthanized 6 months after the operation with an overdose injection of sodium pentobarbital. The 6 beagles from group 2 were painlessly sacrificed 6 months after the operation in the same manner. The following 4 conditions were assessed to evaluate the efficacy of the scaffolds in groups 1 and 2: 1) local infection, 2) granulation formation, 3) exposure or dislocation of the mesh, and 4) epithelialization at the operated site.
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Six months after the operation, computed tomographic (CT) images were taken of the operated site from 2 group 2 beagles. Three-dimensional images of the luminal surface of the larynx from the dorsal aspect to the ventral aspect were then reconstructed with a 3-dimensional image workstation (Zio station, Ziosoft, Tokyo) for evaluation of the vertical levels of the vocal folds. Additionally, virtual endoscopic views of the vocal folds were reconstructed from CT data.
After 2 beagles in group 2 were sacrificed, their larynges were harvested to examine vocal fold vibration with an excised-larynx setup. In order to better image vocal fold vibration, we removed the supraglottic structures, including the epiglottis, the false vocal folds, and the aryepiglottic folds. Each arytenoid cartilage was adducted with 3-0 nylon string to close the glottis. An excised larynx was set on a table, an endotracheal tube was inserted into the trachea, and a cuff was inflated to prevent air leakage. The vocal fold vibrations were generated via airflow through the tube and were recorded with a high-speed digital imaging system (Memrecam, NAC Image Technology, Osaka, Japan) at a rate of 1,000 frames per second.
The excised larynges were fixed in 10% formaldehyde, decalcified, and then embedded in paraffin. The tissue was sectioned in the coronal plane and stained with hematoxylin-eosin. Slides were examined by light microscopy (BZ-9000, Keyence, Osaka) to evaluate the regenerated tissue.
RESULTS
Endoscopic Findings. The endoscopic findings showed granulation tissue in the operated site 1 to 2 weeks after surgery. One month after the operation, granulation tissue was no longer evident. Six months after the operation, the operated site showed good epithelialization ( Fig 5) . However, in some cases, local infection disturbed the regeneration of the larynx. In particular, when the mesh was dislocated into the laryngeal ventricle, we failed to obtain the high level of regeneration that was observed when the mesh remained in place. In summary, 4 cases in group 1 showed local infection and only 1 case in group 2 was observed to be infected. In group 1, exposure or dislocation of the mesh was found in 3 of 6 cases, but in group 2, no exposure of the mesh was seen. Granulation tissue was detected in 4 cases in group 1 and only 2 cases in group 2. Epithelializa- A B tion at the operated site occurred in 3 cases in group 1, whereas all cases in group 2 showed signs of epithelial growth (see Table) . The vocal fold morphological findings were better in group 2 than in group 1. However, a difference in the vertical level of the vocal folds was found in both groups.
Computed Tomographic Images. Three-dimensional CT images revealed that the volume of the vocal fold on the treated side was reduced, and a difference was seen in the positional level of the vocal folds ( Fig 6A) . Macroscopic analysis of an excised larynx revealed depressed, scar-like tissue in the middle of the vocal fold on CT images ( Fig 6B) . Furthermore, virtual endoscopic views of the vocal folds provided a clearer contour surface of the vocal fold than did endoscopic findings (Fig 7) .
Vibratory Data. Vibratory examinations showed that mucosal vibration on the operated side was very limited. Depressed scarring was seen in the middle of the vocal fold at the operated site, and a functional traveling mucosal wave was absent ( Fig 8A) . In another case, paradoxical vibration due to phase shifting was detected ( Fig 8B) , resulting from a difference in volume of the vocal folds.
Histologic Data. In group 1, the luminal surface of the larynx was covered by epithelial cells 3 months after surgery. Six months after the operation, in some cases, good epithelial lining at the operative site was found and a small amount of regeneration of the submucosal tissues was detected. However, in cases in which the mesh was exposed and dislocated, many inflammatory cells had infiltrated the polypropylene mesh. Dislocation of the mesh in the laryngeal ventricle prevented the regeneration of the vocal fold. In contrast, 6 months after surgery, epithelial cells completely covered the operated site of the larynges in group 2, and the submucosal tissue was thicker than in group 1. No inflammatory cells were found in the larynges from group 2 (Fig 9) . Newly formed cartilage was not detected within the defect of the thyroid cartilage around the polypropylene mesh in either group, but formation of new bone was seen along the mesh.
DISCUSSION
For decades, various surgical procedures have been performed to reconstruct laryngeal defects after resection of laryngeal malignancies. Autologous tissues such as skin, muscle, cartilage, and thyroid glands or artificial materials have been used for laryngeal reconstruction. However, an optimal method for laryngeal reconstruction has yet to be established, [5] [6] [7] [8] [9] [10] [11] the development of which is essential to the normal restoration of laryngeal functions such as phonation, swallowing, and breathing. Considering that laryngeal function is affected by the morphology of the larynx, it is essential to regenerate normal or near-normal tissues. Even when differentiated tissues such as skin or muscle are used as implant materials, they lack the ability to develop into normal laryngeal tissue. This difference between regenerated and endogenous tissues results in impaired laryngeal function.
Since the 1990s, development of tissue engineering techniques has made it possible to regenerate some tissues and organs. 1, 12 According to the model of tissue engineering, three components -cells, scaffolds, and regulatory factors -are important to the regeneration of tissues. When these three elements are put into an appropriate environment and sufficient blood is supplied, good tissue regeneration can be obtained. In situ tissue engineering is based on the concept that when scaffolds are applied under appropriate conditions in vivo, they can encourage the regeneration of new tissue without additional cells or regulatory factors; this regeneration is attributed to the fact that host-derived cells can migrate into the scaffolding and that growth factors can be supplied by surrounding tissues. Collagen, one of the candidate materials used in scaffolding, has been shown to promote cell migration, transformation, and proliferation. Nakamura et al 13 and Okumura et al 14 developed a porous-type tracheal prosthesis with polypropylene and atelocollagen made from porcine skin and reported that the implanted prosthesis becomes infiltrated by surrounding connective tissue, is completely incorporated by the host trachea, and shows reepithelialization of the luminal surface. Additionally, Omori et al 3 demonstrated the ability to regenerate cricoid and tracheal cartilage using scaffolds composed of polypropylene and collagen sponge in clinical applications. Moreover, tissue regeneration has been achieved with use of collagen as a scaffold not only in the airway, but also in the digestive tract, including the stomach and esophagus. 15, 16 Other materials have also been reported to be useful in laryngeal regeneration. For example, Huber et al 17 demonstrated the efficacy of porcine-derived xenogeneic extracellular matrix in laryngeal regeneration after partial hemilaryngectomy.
These reports indicated that polypropylene mesh covered with collagen sponge is a very useful scaf- 
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folding material for the regeneration of the trachea. However, our studies had failed to regenerate the larynx with the same artificial material, because local infection caused the mesh to become exposed. There are two primary differences between the larynx and the trachea in terms of the environment in which tissue undergoes regeneration. Foremost, the site of the larynx is more prone to infection than the trachea because of increased exposure to bacteria in the oral cavity from saliva. Second, it is difficult to affix the scaffold to the defect in the larynx, because of vocal fold movement, while maintaining the space needed for tissue regeneration. We determined that a closed space suitable for culture and protection against bacterial infection were required for laryngeal regeneration. We focused on fascia, which has traditionally been used as a graft in surgery for chronic otitis media. Although vocal folds show constant movement, the elasticity of the fascia prevents the formation of openings between the grafted fascia and the tissues that are sutured around the defect. Thus, the elastic properties of the fascia are better able to maintain an airtight and watertight environment. It has previously been reported that a solvent-dehydrated fascia lata allograft was used to repair mucosal defects in the oral cavity with no detectable graft infections 18 -a finding further suggesting that the fascia has good resistance against infection.
In this study, two procedures were examined for regenerating the laryngeal defect after partial hemilaryngectomy. The differences between the two trial groups were in the volume and concentration of the collagen, how the fascia lata was used, and the types of absorbable sutures. In group 1, the polypropylene mesh was exposed or dislocated in 3 of the 6 cases. However, no exposure or dislocation of the mesh occurred in group 2. This result suggests that the amount of collagen used on the mesh in group 1 was insufficient for the regeneration of the mucosa. It also suggests that the mechanically harder 3% collagen sponge is better able to maintain the collagen volume at the operated site and that the reduction of the dead space around the scaffold prevented bacterial infection resulting from accumulated saliva. In regard to the fascia, the entire surface area of the scaffold was wrapped in fascia in group 1. In contrast, the scaffold was wrapped unilaterally on the luminal side in group 2. Although the fascia may prevent bacterial infections within the scaffold, given that new cells are not supplied from the fascia, but from surrounding tissues at the operated site, it is possible that the fascia may also prevent host-derived cell migration and delay infiltration of connective tissue into the scaffold. In addition, the type of absorbable suture used for fixation of the scaffold seemed to affect the outcomes. The type of suture used determines the rate of degradation or attenuation of tensile strength. In this case, the PDS-II sutures used in group 2 showed slower degradation than did the Vicryl sutures used in group 1. It is therefore likely that a loosening of the sutures, prior to incorporation of the mesh into the host tissue, promoted the dislocation of the mesh in group 1.
The vibratory data in this study showed scar-like tissue in the middle of the regenerated vocal folds at the operated site, as well as a reduction of the treated vocal fold. The histologic findings revealed some degree of submucosal tissue regeneration and incorporation of the mesh into surrounding host tissues without inflammatory cells. However, a difference in the vertical levels of the vocal folds was present. In this animal model, the regeneration of laryngeal structures was achieved with polypropylene mesh. That the regeneration of the vocal fold proved more challenging suggests that additional methods or materials are required to regenerate a more normal vocal fold. In this current study, scaffolding was used without additional cells and/or regulatory factors. Cells such as mesenchymal stem cells and adipose tissue-derived stromal cells have been reported to be useful in repairing injured vocal folds and preventing scarring and atrophy of the vocal folds. 19, 20 In the near future, combinations of this scaffolding along with the aforementioned cell types should enable the regeneration of more normal laryngeal tissues. CONCLUSIONS We demonstrated two different procedures to regenerate the laryngeal defect after partial hemilaryngectomy in a canine model. The procedure in which 3% collagen-coated polypropylene mesh unilaterally wrapped with autologous fascia was affixed to the laryngeal defect with long-term sutures (PDS-II) was shown to be useful for laryngeal regeneration. This finding indicates that the combination of this technique with this particular artificial material may be a viable alternative for the regeneration of laryngeal defects.
